Advances in the virologic and safety profiles of antiretroviral drugs have increased options for 3-drug antiretroviral therapy (ART), which is the standard of care globally [1] [2] [3] [4] . These advances have also created opportunities to investigate novel 2-drug combinations. Potential advantages of 2-drug regimens include lower cost and improved long-term safety. Dolutegravir, an integrase strand transfer inhibitor, is attractive for 2-drug ART given its antiviral potency [5] and high resistance barrier [6] [7] [8] [9] . Maintenance therapy with dolutegravir plus rilpivirine was comparable to standard 3-drug therapy in large, randomized trials [10] . Dolutegravir plus lamivudine is an investigational 2-drug regimen with few drug-drug interactions, potential for coformulation into a once-daily tablet, and potential for lower ART cost [11] . In the PADDLE study of treatment-naive individuals, 18/20 participants had HIV-1 RNA <50 copies/mL through week 96 [12] . Although these results were promising, the study was small and limited participation to those with screening HIV-1 RNA ≤100 000 copies/mL and CD4 count >200 copies/mm 3 . The AIDS Clinical Trials Group (ACTG) Study A5353 was designed to investigate dolutegravir and lamivudine in a broader population of treatment-naive HIV-1-infected participants, including those with pretreatment HIV-1 RNA 100 000 copies/ mL. Here, we present the week 24 primary results of the study.
METHODS

Study Design and Participants
A5353 is a phase 2, single-arm, open-label, 52-week pilot study of dolutegravir plus lamivudine conducted at 26 ACTG research sites in the United States. Antiretroviral treatment-naive HIV-1-infected adults (aged ≥18 years) with plasma HIV-1 RNA ≥1000 copies/mL and <500 000 copies/mL were included. We prespecified enrollment of at least 25% of participants with screening HIV-1 RNA >100 000 copies/mL. There was no CD4 count restriction. Exclusion criteria included any major protease (PR), reverse transcriptase (RT), or integrase mutation as defined by the 2014 International AIDS Society (US drug resistance mutations were excluded [13] ); active hepatitis B virus infection; anticipated hepatitis C treatment during the study period; unstable or severe hepatic impairment; and pregnancy. The ethics committees at each study site approved the study, and written informed consent was obtained from each participant.
Procedures
At the screening visit, participants underwent a clinical assessment and laboratory testing to evaluate study eligibility. Pretreatment resistance was evaluated using PR/RT genotyping conducted through routine care at any time prior to study entry plus study-provided integrase genotyping performed at Quest Diagnostics, Baltimore, Maryland.
Within 45 days of the screening visit, participants initiated the study regimen of open-label oral dolutegravir 50 mg and lamivudine 300 mg once daily taken as 2 separate tablets. Post-entry evaluations at weeks 2, 4, 8, 12, 16, 20, 24, 32, 40 , and 48 included a clinical assessment, adherence assessment using a self-completed questionnaire [14] , and plasma HIV-1 RNA measurement using the Abbott RealTime HIV-1 assay (lower detection limit of 40 copies/mL) at Quest Diagnostics, Baltimore. Complete blood count, liver function, and chemistries were monitored at weeks 4, 12, 24, 32, 40, and 48. Genomic DNA from whole blood was Taqman genotyped for the UGT1A1 rs887829 decreased conjugation variant that, when homozygous T/T, confers approximately 30% greater peak plasma dolutegravir concentrations [15] . Signs, symptoms, and laboratory events were graded by site investigators according to the Division of AIDS, National Institutes of Allergy and Infectious Diseases Table for Grading the Severity of Adult and Pediatric Adverse Events, version 2.0 [16] . All symptoms ≥ grade 3, rash ≥ grade 2, or any grade that led to treatment discontinuation were reported. For laboratory tests, all creatinine and fasting lipid values and other laboratory results ≥ grade 3 or that led to a change in study treatment were reported. CD4 count was determined at weeks 4, 12, 24, and 48. The final study visit at the completion of 52 weeks of study treatment was primarily to confirm virologic failure in participants with suspected virologic failure at week 48.
Defining virologic failure as confirmed HIV-1 RNA >400 copies/mL at weeks 16 or 20 or confirmed HIV-1 RNA >200 copies/mL at or after week 24, participants with suspected virologic failure and those with HIV-1 RNA 50-200 copies/mL at week 24 underwent confirmatory HIV-1 RNA measurement within 7-28 days of the initial sample. Participants with confirmed virologic failure had real-time PR/RT/integrase genotyping performed on plasma collected at the confirmation time point. Plasma was stored at each study visit to evaluate the impact of minority variants and dolutegravir plasma levels on observed virologic responses. Dolutegravir and lamivudine were dispensed at study entry and all subsequent visits except weeks 2 and 52. A pregnancy test was performed any time pregnancy was suspected.
Objectives
The primary objective was to estimate virologic success, defined as HIV-1 RNA <50 copies/mL on dolutegravir plus lamivudine (FDA [US Food and Drug Administration] Snapshot) at week 24. Participants with HIV-1 RNA ≥50 copies/mL at week 24 or who discontinued or changed study treatment earlier and either had HIV-1 RNA ≥50 copies/mL or did not have HIV-1 RNA data were counted as virologic nonsuccesses. The secondary objectives included evaluating safety and tolerability of the study regimen, efficacy in those with pretreatment HIV-1 RNA levels ≤100 000 vs >100 000 copies/mL, emergent integrase or RT resistance, changes in CD4 counts, and associations between plasma dolutegravir exposure and observed outcomes.
Statistical Analyses
The primary efficacy measure was virologic success at week 24 by FDA Snapshot definition. The analysis window was week 22-28. The proportion of participants achieved virologic success was estimated using a 2-sided exact Clopper-Pearson 95% confidence interval (CI) based on binomial distribution. With a sample size of 120 participants, if the observed virologic success rate is between 85% and 90%, the 95% CI would have a width of ±5.75% to ±6.75%. For subgroup analysis of participants with higher viral load, assuming N = 30 and the observed virologic success rate between 85% and 90%, the 95% CI would have a width of (−12.2%, +10%) to ±14.1%. The proportions of participants with HIV-1 RNA <50 copies/mL at scheduled study weeks over time were estimated using modified intent-to-treat (ITT; missing/off-treatment was considered a failure) approach. Self-reported adherence was classified as perfect (zero reported missed doses) or imperfect (any missed doses of dolutegravir or lamivudine, failure to answer the 4-day recall question, or missed study visit). Comparisons between baseline HIV-1 RNA strata were carried out using Fisher exact test. All P values and CIs presented were 2-sided and nominal, unadjusted for interim analysis and multiple comparisons. Analyses were done using SAS, version 9.4 (SAS Institute, Cary, North Carolina).
RESULTS
Between 8 November 2015 and 13 September 2016, 165 participants were screened and 122 were enrolled from 26 sites in the United States (Figure 1 ). Two participants who enrolled with the exclusionary K103N mutation were terminated from the study and excluded from the analysis. The 120 eligible participants included in the primary analysis had a median age of 30 years and were racially and ethnically diverse, with a median study entry HIV-1 RNA level of 4.61 log 10 copies/mL and CD4 count of 387 cells/mm 3 (Table 1) . Approximately one-third of the participants had study entry HIV-1 RNA >100 000 copies/mL. For 117 participants successfully genotyped for UGT1A1 rs887829, 53 (45%) were C/C, 46 (39%) were C/T, and 18 (15%) were T/T. Four participants discontinued study follow-up prior to week 24 for the following reasons: moved (n = 2), incarceration (n = 1), and lost to follow-up (n = 1). In addition, 3 participants discontinued dolutegravir plus lamivudine prior to week 24 for the following reasons: pregnancy (n = 1), noncompliance (n = 1), and unable to attend clinic (n = 1) but continued study follow-up.
Efficacy
At week 24, 108 (90%) of 120 participants achieved virologic success per FDA Snapshot definition (plasma HIV-1 RNA <50 copies/mL on study treatment) with 95% CI of 83%, 95% (Table 2 ). Five (4%) participants had virologic nonsuccess. Seven (6%) participants had no virologic data in the analysis window, 6 of whom discontinued the study prior to week 24 with an HIV-1 RNA <50 copies/mL, and 1 had HIV-1 RNA <50 copies/mL at weeks 22 and 32 but a missed visit at week 24. The proportion of participants who achieved virologic success was similar between the study entry HIV-1 RNA strata: 33/37 (89% [75%, 97%]) in HIV-1 RNA >100 000 copies/mL and 75/83 (90% [82%, 96%]) in HIV-1 RNA ≤100 000 copies/mL (P = 1.00; Table 2 ). The proportion of participants with HIV-1 RNA <50 copies/mL over time was also estimated using an ITT missing/ off treatment = failure approach (Figure 2 ), where HIV-1 RNA was <50 copies/mL in 108/120 (90% [83%, 95%]) of the participants at week 24, 33/37 (89% [75%, 97%]) in participants with HIV-1 RNA >100 000 copies/mL, and 75/83 (90% [82%, 96%] in participants with HIV-1 RNA ≤100 000 copies/mL. The 5 participants with virologic nonsuccess at week 24 are described in Figure 3 . Two of these participants (participants 1 and 2) had study entry HIV-1 RNA >100 000 copies/mL and HIV-1 RNA levels between 50 and 200 copies/mL at week 24, indicating nonsuccess by the FDA Snapshot algorithm while not meeting protocol-defined virologic failure. Three participants experienced protocol-defined virologic failure prior to or at week 24: 1 with study entry HIV-1 RNA >100 000 copies/mL (participant 3) and 2 with study entry HIV-1 RNA ≤100 000 copies/mL (participants 4 and 5). Participant 3 had virologic failure on study treatment at week 24 with no evidence of emergent resistance mutations. Participant 4 experienced virologic failure on study treatment at week 24 with detection of the polymorphic V106I mutation, which was not detected pre-treatment. Participant 5 experienced viral rebound and prolonged viremia on study treatment, discontinuing study treatment due to noncompliance at week 18. This participant had confirmed virologic failure at week 24 (off ART) with the M184V mutation in RT detected (no mutation found pre-treatment). Population-based genotyping of samples obtained prior to protocol-defined virologic failure showed no mutations at week 8 (HIV-1 RNA 6579 copies/mL) and M184V plus the mixture R263R/K in integrase at week 14 (HIV-1 RNA 446 copies/ mL). Dolutegravir concentrations assessed on stored samples from these 3 participants with virologic failure demonstrated dolutegravir levels below the limit of detection (<5 ng/mL) at 1 or more time points while on study treatment. For the 5 participants with virologic nonsuccess, UGT1A1 rs887829 genotypes were C/C (n = 4) and C/T (n = 1). All 3 with virologic failure were C/C.
The median (interquartile range) CD4 cell count change from study entry was +167 (86, 275) cells/mm 3 at week 24: +212 (125, 299) cells/mm 3 in the participants with study entry HIV-1 RNA >100 000 copies/mL and +133 (60, 262) cells/mm 3 in participants with study entry HIV-1 RNA ≤100 000 copies/mL. Selfreported adherence was generally high throughout the study, with 90% of participants reporting perfect adherence based on 4-day recall at week 24.
Safety and Tolerability
Ten (8.3%) participants reported grade 3 or 4 adverse events, only 2 (grade 3 creatinine clearance reduction and grade 3 palpitation) of which were considered to be possibly or probably related to study treatment by the site investigator. There were also 2 cases of grade 2 allergic rash. No participant discontinued study treatment due to adverse events.
DISCUSSION
In this single-arm pilot study, 90% of HIV-1-infected antiretroviral-naive individuals with study entry HIV-1 RNA levels up to 500 000 copies/mL who initiated the 2-drug regimen of dolutegravir and lamivudine were on study treatment and had HIV-1 RNA levels <50 copies/mL at week 24, using the FDA Snapshot algorithm. An intent-to-treat, missing = failure analysis showed similar results. Six percent of the participants were virologically suppressed at their last study visit but had no data in the week 24 window, primarily due to early discontinuation of study treatment for reasons unrelated to tolerability. Overall, this 2-drug regimen potently suppressed HIV-1 RNA regardless of study entry HIV-1 RNA stratum (≤100 000 copies/mL vs >100 000 copies/mL) and was safe and well tolerated. A 3-drug combination is the current standard for initial HIV therapy globally. Although available 3-drug regimens are potent, convenient, and generally safe and well tolerated, issues of toxicity and cost remain over decades of exposure. A virologically potent 2-drug regimen, with the potential to reduce toxicity and cost, could address these issues and challenge standard-ofcare therapy. Earlier large randomized studies of initial 2-drug antiretroviral regimens were disappointing, with suboptimal virologic responses or excess toxicity in all or some groups of participants [18, 19] or unacceptable rates of drug resistance during virologic failure [20] . The recent exception was the GARDEL study, which demonstrated noninferiority of lopinavir/ritonavir (LPV/r) plus lamivudine to LPV/r plus 2 nucleos(t)ide reverse transcriptase inhibitors [21] . However, LPV/r is associated with gastrointestinal and metabolic side effects and a high risk of drug-drug interactions, making it an undesirable initial ART. Our results suggest that dolutegravir plus lamivudine may be a potent, well-tolerated, and safe 2-drug regimen in individuals with HIV-1 RNA levels up to 500 000 copies/mL. These findings extend the results of the PADDLE study, which restricted enrollment to individuals with screening HIV-1 RNA levels ≤100 000 copies/mL and CD4 counts >200 cells/mm 3 .
Virologic failure was rare and associated with suboptimal adherence. In fact, all 3 participants who met protocol criteria for virologic failure had viral suppression to <50 copies/mL by week 4 (2 participants) or week 12 (1 participant) before viral rebound that appeared temporally linked to adherence lapse. All had no measurable dolutegravir (<5 ng/mL) at 1 or more time points while on study treatment. In 1 participant, population sequencing revealed emergence of the M184V mutation, which confers resistance to lamivudine and emtricitabine, plus 263K, which confers integrase resistance. Another participant developed the polymorphic 106I mutation, which is associated with nonnucleoside reverse-transcriptase inhibitor (NNRTI) resistance [13, 22] . Since this mutation was not detected pre-treatment and the participant had no known exposure to an NNRTI, its development is being investigated with more sensitive sequencing assays. Of note, the only participant with virologic failure in the PADDLE study had no RT mutations detected, integrase did not amplify, and he resuppressed on the same regimen with improved adherence. Because a frequent UGT1A1 variant is associated with altered dolutegravir pharmacokinetics, for thoroughness we characterized UGT1A1 genotypes in the present study. This genotype almost certainly did not contribute to virologic failure, given its modest effect on pharmacokinetics. The 263K mutation was the most common mutation that developed during in vitro passage experiments with dolutegravir [23] . This mutation is associated with approximately 2-fold reduction in susceptibility to dolutegravir and a 6-fold reduction in susceptibility to elvitegravir, imparting no significant effect on raltegravir [23] [24] [25] . Further, 263K is known to substantially hamper viral replicative capacity and enzymatic activity [23, 26] . Our study is the first to report 263K mutation in an antiretroviral treatment-naive individual receiving dolutegravir. The mutation in our participant was detected as a mixture (impact on dolutegravir sensitivity unknown) and was not seen at a later time point after the participant had discontinued dolutegravir, possibly related to the known impact of 263K on viral fitness. A European cross-sectional study of 278 treatment-naive individuals found 1 individual with 263K [27] , indicating this mutation can be transmitted. However, it was not detected by population sequencing in our participant's pre-treatment plasma sample. Phenotypic and minority variant testing of pre-treatment and virologic failure samples are planned. Previous reports of the 263K mutation were in treatment-experienced individuals with virologic failure: 2 in the dolutegravir arm of the SAILING study [28] and 2 in a retrospective cohort study from British Columbia [29] . Since emergence of any drug resistance is rare during virologic failure of initial dolutegravir-based 3-drug ART [30] , the emergence of resistance mutations in both RT (M184V) and integrase (R263R/K) in 1 participant in this pilot study underscores the need to investigate the resistance barrier of dolutegravir plus lamivudine further. Two ongoing, fully powered randomized trials, GEMINI 1 (NCT02831673) and GEMINI 2 (NCT02831764), will provide data to better address this.
In this study, the 2-drug regimen of dolutegravir and lamivudine was generally safe and well tolerated, consistent with the known favorable toxicity profiles of these 2 agents. No participant discontinued the regimen because of adverse events. Notably, the combination of dolutegravir and lamivudine has the potential to be coformulated into a single daily pill without dietary restrictions. Antiretroviral regimens must be well tolerated and convenient to support long-term adherence.
The cost of recommended 3-drug antiretroviral regimens exceeds $30 000 a year in developed countries; a 2-drug regimen of dolutegravir and lamivudine could cost less. Girouard and colleagues estimated that if the 2-drug regimen of dolutegravir and lamivudine demonstrated high rates of virologic suppression, the regimen would be cost-effective and could save more than $500 million over 5 years [11] using current US drug pricing and projecting a lower cost due to use of fewer agents and 1 generic drug. Projected cost savings exceeded $3 billion over 5 years when the model included switching a quarter of currently suppressed individuals to dolutegravir plus lamivudine.
This study has strengths and limitations. The study was conducted at 26 sites across the United States and enrolled a diverse patient population (40% black and 27% Latino) with an average age of 30 years. Study follow-up was excellent, with only 6% discontinuing the study regimen prematurely. Drug concentration and virologic assays helped elucidate the causes and consequences of virologic failure. On the other hand, the study population consisted of only 13% women and excluded those with pre-treatment HIV-1 RNA levels >500 000 copies/mL. Further, there was no comparator arm to conclusively assess efficacy or safety/tolerability vs the standard of care. The GEMINI 1 and 2 studies of dolutegravir plus lamivudine have enrolled approximately 1400 treatment-naive participants, and results are anticipated. The regimen is contraindicated with chronic hepatitis B infection.
In summary, the week 24 results of the ACTG A5353 study showed that the 2-drug antiretroviral regimen of dolutegravir and lamivudine was virologically potent and generally safe and well tolerated in individuals with pre-treatment HIV-1 RNA levels up to 500 000 copies/mL. Virologic failure was uncommon and associated with suboptimal dolutegravir concentrations, likely indicative of suboptimal adherence. One participant selected for a mutation associated with resistance to lamivudine and a partial substitution at codon 263 of the integrase enzyme that may confer reduced sensitivity to dolutegravir. The ongoing fully powered phase 3 studies will provide needed data on dolutegravir plus lamivudine compared to dolutegravir-based 3-drug therapy in treatment-naive individuals.
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